T
he discovery of the Archaea (1), the third domain of life, has reinvigorated efforts to understand the phylogenetic relationships among all forms of life. It is therefore not surprising that the recent completion of four archaeal genomes (2-5) created a f lurry of excitement among biologists (Genetics, Vol. 152). A comparison of genome sequences reveals that the prokaryotes, Archaea and Bacteria, have closer similarities in their metabolic processes, but Archaea and Eukarya have more similarities in their information processing machineries (DNA replication, transcription, and translation) (6, 7) . If this initial observation were supported by further biochemical analyses, then it would suggest that Archaea and Bacteria diverged before the evolution of mechanisms that substantially increased the fidelity of information transfer. That pressure for accuracy may have increased as genomes became more and more complex. Furthermore, it would suggest Archaea and Eukarya share a common ancestor more recently than either shares with Bacteria ( Fig. 1 ). This observation has drawn intense interests from biochemists who have long been battling with the complexities of eukaryal biology. If Archaea embody a more primitive form of the highly evolved Eukarya, then simplified models for complex systems of Eukarya may be found in Archaea. Indeed, a composite of the putative replication proteins identified from four archaeal genomes supports this view (Table 1) (7). This rationale provided the motivation for the biochemical characterization of the Methanobacterium thermoautotrophicum MCM protein.
MthMCM shows similarities to a family of six related minichromosome maintenance proteins, Mcm2-Mcm7, that are conserved from yeast to human and are known for their central role in the highly regulated replication initiation process (8) . These six proteins have been postulated to form a hexameric ring complex (MCM complex) that serves as the DNA helicase to unwind DNA at replication origins as well as at replication forks. However, although inferences for biochemical activities for the eukaryal MCMs are strong, evidence for such activities has been weak. In two recent issues of PNAS, two groups (9, 10) independently reported the exciting finding that purified recombinant MthMCM protein forms a double hexamer that acts as a 3Ј-5Ј DNA helicase as postulated for the eukaryal MCM proteins.
The genomes of eukaryotes and prokaryotes differ in size and organization. The generally larger genomes of eukaryotes are organized into multiple chromosomes, and initiation of DNA synthesis starts from not one but numerous sites on each chromosome. Compounding the complexity of this replication process is the necessity to coordinate these multiple initiation events such that on completion, the entire genome is duplicated exactly once every cell cycle. The strategy for this regulated process is beginning to emerge from the collective works of many laboratories. Key to this strategy is the periodic recruitment and discharge of the MCM complex at replication origins to forge a cycle of activity and inactivity at replication origins (8) . Although this concept of the temporal separation of an active and inactive chromatin state at replication origins involving the MCM complex is relatively simple, the number of proteins involved to achieve this goal suggests a complex and intricate scheme. Chief among these proteins is the origin recognition complex (ORC), a complex of six nonidentical subunits, Orc1-Orc6, which binds an essential element at replication origins to act as a ''bookmark'' for these sites (11) . During the G 1 phase, the MCM complex is delivered to replication origins with the aid of Cdc6 (12, 13), a short-lived protein that also has some sequence similarities to Orc1. Initiation of DNA synthesis occurs after a rapid succession of events involving additional proteins (including Cdc45) cued by the cell cycledependent protein kinases (Cdc7-Dbf4 and Cdc28-Clb) resulting in the melting of DNA and the recruitment of elongation machineries to replication origins (14, 15) . As replication transitions from initiation to elongation, the MCM complex is believed to change its alliance with the initiation complex to the elongation complex, where it acts as the processive helicase of the growing fork (16) , much like the large T antigen of simian virus SV40 (17) . The MCM-vacated replication origins now assume an inactive state that no longer supports the initiation of DNA synthesis. This sequence of events is not to repeat again until the next G 1 phase.
For the purpose of this commentary, the strategy of the eukaryal cell used to restrict DNA replication to one round per cell cycle can be simply viewed as a concerted effort to regulate the many activities of the MCM complex. Although this concept has gained popularity as a working hypothesis for those who study the MCM proteins, much of the information that generated this picture was derived from genetic or in vivo experiments without the support of biochemical evidence. Because of the number of protein factors involved, the prospect to study the activities of the MCM proteins in the context of the many accessory proteins in an in vitro assay for replication initiation is daunting. The existence of a single MCM homolog in M. thermoautotrophicum in contrast to the six MCM proteins found in all eukaryotes is welcome news. The six eukaryal MCM proteins, ranging in size from 776 to 1,017 residues, contain three highly conserved regions, including a NTP binding motif (Fig. 2) . The MthMCM protein, although slightly smaller (667 amino acids), is also conserved in those regions (Fig. 2) . All six MCM proteins are known to be essential for the initiation of DNA synthesis and can be purified in a hexameric complex that has a globular structure (18) . However, to date, biochemical activities associated with this hexameric complex or any one of the six proteins have yet to be reported. The only report of enzymatic activities associated with the MCM proteins is a complex that contains three of the six MCMs (Mcm4, Mcm6, and Mcm7) formed during the course of purification of the larger complex in HeLa cells (19, 20) . Weak helicase, ATPase, and single-strand DNA binding activities were found associated with this complex. These results suggest that the MCM proteins have an intrinsic helicase activity that can only be activated when assembled in a specific conformation. The search for the physiologically active form of the MCM complex becomes the key to understanding the regulation of eukaryote DNA replication (8).
In the papers reported recently in PNAS, two groups purified and characterized the recombinant MthMCM protein and obtained similar results (9, 10) . In a purified preparation of MthMCM protein, Ϸ80% of the protein assembled in an oligomeric complex of about 850 -950 kDa, corresponding to a dodecamer, and Ϸ20% existed as a monomer of about 75 kDa. The dodecameric complex examined by scanning transmission electron microscopy appears to form a double hexamer with a ring structure (10) characteristic of proteins or enzymes that travel large distances along DNA such as the processivity factors (21) and helicases (22) . When assayed for helicase and helicase associated activities, both forms exhibited singlestrand DNA binding, ssDNA-stimulated ATPase, and ATP-dependent 3Ј-5Ј helicase activities. The double hexamer was further tested for processivity of its helicase activity and was shown to be able to unwind DNA of up to 500 base pairs (10) . Mutational analysis indicated that the Nterminal 110 amino acids as well as the putative Walker A motif of the conserved NTP binding site were dispensable for the ssDNA binding activity but essential for the ATPase as well as the helicase activities. The robust helicase activity is consistent with a role for the MCM complex in replication elongation as well as initiation as postulated for the eukaryal MCM complex.
Studying DNA replication in Archaea, the third domain of life, is important and interesting both in its own right and from an evolutionary standpoint. A major difference between Bacteria and Eukarya in replicating their genomes is the use of a single versus multiple replication origins. Where is Archaea in this evolutionary process? Is the evolution of a more complex eukaryal helicase containing six different MCMs a consequence of the expansion of genome sizes as well as the number of replication origins? The revelation that Archaea may have many of the basic components (Table 1) of the replication initiation machinery of Eukarya offers new opportunities for unraveling the complexities of eukaryal systems not offered by viral models such as the SV40 (17) . The viral models provide their own initiator proteins that usurp the host rep- lication elongation machineries and therefore are useful for studying replication elongation as well as understanding the principles, although not the mechanistics, of eukaryal replication initiation. The study of the MthMCM suggests that Achaea as a model may provide useful information at two levels. The selfassembly of a single MthMCM protein into an active double hexamer is a dramatic simplification of the Eukaryal MCM studies. It allows one to explore the complete repertoire of enzymatic activities associated with the MCM complex in isolation. Furthermore, setting aside the intricacies of assembling six MCMs into an active complex, it allows one to focus on the interaction of this complex with other components of the replication initiation complex, such as ORC, Cdc6, and RPA. Indeed, the existence of two Cdc6͞Orc1-like proteins in M. thermoautotrophicus instead of the six ORC subunits suggests significant simplification in the origin recognition function and bodes well for an in vitro system that is likely to have some resemblance to the eukaryal system.
There are also some important omissions in the Mt genome that suggest major differences between Eukarya and Archaea. Cdc45, an important factor in the transition of the initiation complex to elongation complex, and Cdc7-Dbf4 and Cdc28-Clb, the cell cycle-dependent protein kinases, all appear to be absent in the Mt genome. These omissions suggest a less elaborate regulatory mechanism for replication initiation in Archaea, although the existence of functional Mt homologs cannot be ruled out. Clearly, much work is needed for studies in both the archaeal and the eukaryal systems to begin to unravel the complexities of the regulation of DNA replication of eukaryotes that is fundamental to our understanding of the control of cell proliferation. It is worth mentioning here that because expression of the MCMs is tightly coupled to the regulation of cell proliferation (23) (24) (25) , this property of the MCMs is currently being exploited as a diagnostic marker for neoplasticity in precancerous cells (26) . It is therefore not a stretch of the imagination to look for answers in the ancient microbe for cures of human diseases. The reports on the MthMCM underscore the value of studying fundamental biological processes in diverse organisms and the prospect that these studies will reveal the underlying principles of life.
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